A mutation in the structural gene coding for seryl-tRNA synthetase in temperature-sensitive Escherichia coli K28 has been reported to alter the level of enzyme expression at high temperature (R. J. Hill and W. Konigsberg, J. Bacteriol. 141:1163-1169, 1980). We identified this mutation as a C3T transition in the first base of codon 386, resulting in a replacement of histidine by tyrosine. The steady-state levels of serS mRNA in K28 and in the wild-type strains are very similar. Pulse-chase labeling experiments show a difference in protein stability, but not one important enough to account for the temperature sensitivity of K28. The main reason for the temperature sensitivity of K28 appears to be the low level of specific activity of the mutant synthetase at nonpermissive temperature, not a decreased expression level. Spontaneous temperature-resistant revertants were selected which were found to have about a fivefold-higher level of SerRS than the K28 strain. We identified the mutation responsible for the reversion as being upstream from the ؊10 sequence in the promoter region. The steady-state levels of serS mRNA in the revertants are significantly higher than that in the parental strain.
In order to study the role of aminoacyl-tRNA synthetases in controlling protein biosynthesis, many mutants which affect the activity of these enzymes have been isolated and characterized. K28 was isolated after nitrosoguanidine mutagenesis of S26R1e (4) . K28 is temperature sensitive for growth because of a mutation in its seryl-tRNA synthetase gene (serS). Clarke and coworkers (3) isolated temperature-resistant revertants of the K28 strain which expressed seryl-tRNA synthetase at a level five times higher than the parent strain. The mutant locus causing the overproduction was shown to be genetically separate from the structural gene and was called serO. In the present report we identify the mutations leading to the temperature-sensitive phenotype and its reversion and characterize the corresponding mutants.
Isolation of temperature-resistant revertants of K28. Independent spontaneous temperature-resistant revertants of K28 were obtained as previously described (10) . The frequency was about one wild-type revertant among 10 9 cells tested, which is consistent with the frequency obtained by Clarke and coworkers (3) .
Cloning and sequencing of the serS gene from K28 and from the thermoresistant revertants. Genomic DNA from K28 and its revertants was isolated as previously described (6) . PCR amplification of the serS gene was carried out as described previously (12) with the primers 5Ј-GAGGTTTACTTCCCG CCG-3Ј (primer A) and 5Ј-TATAGGCTTGTATACATCGA ATAA-3Ј (primer B). Primer A is located at Ϫ166 (where ϩ1 is the in vivo transcription initiation site), and primer B is located at ϩ1514. The sequences of four clones obtained from two independent PCR runs were determined by using Sequenase version 2.0 enzyme (U.S. Biochemicals). In each case a single mutation was found: a C3T transition in the first base of serS codon 386 resulting in the replacement of histidine by tyrosine. His-386 is conserved in seven of eight known prokaryotic and eukaryotic SerRS sequences. The only known deviation is SerRS from Thermus thermophilus, for which the equivalent residue is Tyr-375 (5), i.e., the same residue observed in K28. Paradoxically, the same residue responsible for a temperature-sensitive phenotype in an Escherichia coli strain is found in SerRS from thermophilic bacteria. Another point mutation was detected, but only in the revertants ( Fig. 1) : a C3T transition upstream from the Ϫ10 hexamer in the promoter region.
Mapping of serS promoter. Primer extension analysis was used to determine the location of the 5Ј end of serS mRNA (15) . Total cellular RNA was isolated from the S26R1e and K28 strains (gift of B. Bachmann, E. coli Genetic Stock Center, Yale University) by hot phenol extraction as previously described (1). For primer extension analysis the 19-mer oligonucleotide 5Ј-CAGCGACTGCGTCTGGCTC-3Ј within the serS structural gene sequence (8) was used. Only one extension product appeared, showing that there is one promoter for the serS gene. The size of this product indicated that the 5Ј end of serS mRNA is located 62 bp upstream from serS start codon AUG (Fig. 1) . Apparently, there is no general rule about the lengths of the mRNA leaders of aminoacyl-tRNA synthetases (14) . Alignment of more than 100 promoters has led to the elucidation of consensus sequences for hexamers at Ϫ10 and Ϫ35 (9). In the case of seryl-tRNA synthetase there is no sequence similarity in the Ϫ35 region and there is a six-nucleotide-long consensus within the Ϫ10 consensus sequence. The Ϫ35 regions of several E. coli promoters do not have any similarity with the consensus sequence but still drive activatorindependent transcription initiation. This is due to the presence of a TG motif upstream from the Ϫ10 hexamer, which creates an "extended Ϫ10" promoter (13) . The C3T transition found in the revertants upstream from the Ϫ10 hexamer in the serS promoter region creates the TG motif. It has been shown that, in the E. coli galactose operon, promoters containing the extended Ϫ10 TG motif have a lower thermal energy requirement for open complex formation (2) . Thus, this point mutation would lead to a stronger promoter, favoring the isomerization of a closed complex to the transcriptionally competent open complex.
Steady-state levels of serS mRNA. Total RNA extracted from wild-type strain S26R1e, K28, and its revertants was Northern blotted (15) . A 0.3-kb 32 P-labeled DNA fragment containing serS start codon ATG was used as probe, and the labeled hybridized bands were excised and counted. As shown in Fig. 2 , the wild-type strain and K28 yielded very similar mRNA levels. However, in the revertants, which contain point mutations in the promoter regions, there is about a fourfold increase in serS mRNA.
Seryl-tRNA synthetase expression in K28 and in the thermoresistant revertants. Overnight cultures, grown at 37ЊC, of six revertants, S26R1e, and K28 were assayed for their levels of SerRS expression. Fractions of crude extracts were loaded on a sodium dodecyl sulfate (SDS)-polyacrylamide gel (11) and Western blotted (16) . The results showed that the level of SerRS expression in K28 was about 2.5-fold lower than that of the wild type. In contrast, the temperature-resistant revertants were characterized by an approximately fivefold-higher level of SerRS than parental strain K28 (Fig. 3) .
In vivo enzyme stability. To test whether reduced protein stability could be responsible for the temperature-sensitive phenotype of K28, pulse-chase labeling experiments have been performed. Cultures of S26R1e and temperature-resistant revertant strains were grown at 37ЊC in a methionine assay medium (Difco Laboratories) supplemented with glucose (0.4% [wt/vol]). The revertants were used because they overexpress the mutant enzyme present in K28. When the cultures reached an optical density at 550 nm (OD 550 ) of 0.2 to 0.3, 0.2 mCi of [ 35 S]methionine (specific activity, Ͼ1000 Ci/mmol) was added per 10 ml of cell culture and after 2 min a 2,000-fold excess of unlabeled methionine was added as a chase. Half of the culture was kept at 37ЊC, while the rest was shifted to 44ЊC. At various times, seryl-tRNA synthetase was isolated from the 35 S-labeled extracts by immunoprecipitation with protein G-agarose (7) and was analyzed by SDS-polyacrylamide gel electrophoresis. After autoradiography, the synthetase was quantified with a densitometer. At 37ЊC both the wild-type and mutant enzymes were stable for 20 h. At 44ЊC 50% of the mutant enzyme was degraded after 3 h. The wild-type enzyme was equally stable at 37 and 44ЊC. The instability of the mutant protein at 44ЊC is not great enough to explain alone the temperature-sensitive phenotype of K28.
Effects of temperature shifts on seryl-tRNA synthetase expression and activity. Shorter (30-s and 1-min) and longer (10-min) pulses, which should more closely define synthesis rate and steady-state levels, did not show any difference in the two strains, indicating that differences in expression could not be responsible for the K28 temperature sensitivity. We therefore performed an experiment which monitors aminoacylation activity. Log phase cultures of K28 and S26R1e (OD 550 ϭ 0.5) growing at 37ЊC were split, and one portion (two cultures) was allowed to continue growing for 35 min at 37ЊC while the other portion (two cultures) was shifted to 44ЊC. After this incubation the four bacterial cultures had very similar cell densities (OD 550 ϭ 1.2). The aminoacylation assays (8) performed on extracts from cultures shifted from 37 to 44ЊC show that the mutant K28 enzyme synthesized at 44ЊC is not able to properly aminoacylate tRNA Ser . Indeed, there was a 60% decrease in enzymatic activity when the culture was performed at 44ЊC compared to that observed for incubation at 37ЊC, whereas the wild-type extracts did not show any significant difference. To verify that this decrease in activity is not due to a lower level of expression, Western blotting experiments were carried out. It was found that there was no difference in seryl-tRNA synthetase expression between K28 extracts from cultures incubated at 37ЊC and those from cultures incubated at 44ЊC which would account for the 60% activity decrease. Conclusion. K28 was described in 1980 by Hill and Konigsberg (10) as a temperature-sensitive E. coli strain with a mutation in its serS gene altering the level of seryl-tRNA synthetase expression at high temperature. We identified this mutation as a C3T transition in the first base of codon 386 resulting in a replacement of histidine by tyrosine. The mutant enzyme is less stable than the wild type at high temperature. The main reason for the temperature-sensitive phenotype of K28 appears to be the decreased specific activity of its seryltRNA synthetase at nonpermissive temperature rather than a decreased level of expression, as proposed by Hill and Konigsberg. In the revertants a mutation leading to higher levels of transcription and expression compensates for the low level of specific enzyme activity.
